Summary. The electrochemical properties of ionic liquids (ILs) make them attractive for possible replacement of inorganic salts in high temperature molten salt electrochemical processing of nuclear fuel. To be a feasible replacement solvent, ILs need to be stable in moderate and high doses of radiation without adverse chemical and physical effects. Here, we exposed seven different ILs to a 1.2 MGy dose of gamma radiation to investigate their physical and chemical properties as they related to radiological stability. The azolium-based ILs experienced the greatest change in appearance, but these ILs were chemically more stable to gamma radiation than some of the other classes of ILs tested, due to the presence of aromatic electrons in the azolium ring. All the ILs exhibited a decrease in their conductivity and electrochemical window (at least 1.1 V), both of which could affect the utility of ILs in electrochemical processing. The concentration of the irradiation decomposition products was less than 3 mol. %, with no impurities detectable using NMR techniques.
Introduction
The field of ionic liquids (ILs) originally received notice as a low temperature replacement for high temperature molten inorganic salt electrochemistry [1, 2] . ILs have unique solvent properties that have been further studied and exploited as replacement solvents in a wide range of applications such as solar power [3] , batteries [4] , and gas adsorption [5] . One of the most promising physical properties of ILs is their negligible vapor pressure [6] and, paired with the synthesis of stable hydrophobic ILs [7] , their replacement for organics became possible as solvents in liquid/liquid separations [8] , gas/liquid separations [9] , and organic syntheses [10] . The practical use of ILs in aqueous/IL separation for metal species was soon ended due to their complex mechanisms of extraction, which in most cases lead to loss of the IL [11] .
The depressed melting points of ILs make them a prime candidate for electrochemical processes, as ILs can act as both a bulk solvent and the electrolyte at or near ambient temperatures. One of the current methods to re-*Author for correspondence (E-mail: Nicholas.Bridges@srnl.doe.gov).
process nuclear fuels is through electrochemical processing using an inorganic eutectic for the solvent and electrolyte at temperature greater than 600
• C [12] . Previous reports have investigated the electrochemical properties (i.e., reduction/oxidation potentials) of several actinides (U, Np, and Pu) in select ILs [13, 14] , and in some cases ILs were found to stabilize traditionally unstable actinide species [15] .
For ILs to be feasible replacements for inorganic eutectic melts currently used in electrochemical refining of nuclear fuel, the ILs need to exhibit minimal radiological degradation. A few ILs were previously subjected to variable intensities of gamma irradiation [16] . One IL was subjected to alpha, beta, and gamma irradiation (alpha dose = 1 kGy, beta and gamma dose = 400 kGy) [17] . In all previous works, the results showed minimal changes to the physical properties, (i.e., calculated G-values, NMR shifts, spectroscopic shifts, etc.) but the effects of irradiation on the IL electrochemical window were not reported. Another paper investigated the effect of ionized radicals on the chemical stability of different ILs in attempts to understand the mechanisms of decomposition in radiological fields [18] .
In the present work, we investigated several different classes of ILs and explore the effects of high gamma irradiation equivalent to an expected annual dose in processing of commercial fuel (∼ 1.2 MGy) on their physical properties and electrochemical windows.
We selected two subsets of ILs, azolium-based and bis(trifluoromethylsulfonyl)imide ([NTf 2 ] − )-based, as these are the most commonly used ILs in radiological applications. After irradiation, all ILs showed a significant change in color and a large decrease in conductivity (by at least one order of magnitude), but degradation products are below the NMR detection limit (< 3 mol. %). The gamma irradiation decreased the electrochemical window between 19% and 61%, relating to at least a 1.1 V decrease.
Experimental

Chemicals
All ILs were used as received from the vendors. 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C 2 mim][NTf 2 ]) (99% purity) was purchased from Covalent Associates. 1-methyl-3-octylimidazolium hexafluoro-
, and 1-butyl-3-methylimidazolium 2-(2-methoxyethoxy)ethylsulfate (EcoEng41M) (98%) were all purchased from Solvent Innovation. Butyltrimethylammonium bis(trifluoromethylsulfonyl)imide ([N 4111 ][NTf 2 ]) (99%) was purchased from IoLiTec. No special handling techniques (e.g., inert atmosphere) or preparation (e.g., heating with reduced pressure) were used during experimental preparation or storage of the ILs. Ferrocene, acetonitrile, and methanol were purchased from Aldrich and used as received.
60 Co irradiation
Aliquots of each IL were placed into 30-mL glass vials, without caps, and all the vials were put into a glass secondary container (also without a cap) before being lowered into the chamber of the irradiator. (The system was not sealed during irradiated as unknown volumes of gaseous compounds could be released, pressurizing the containers. This allowed for absorbtion of atmospheric gases during irradiation, such as oxygen and water, both compounds can effect the radiolysis pathways.) The samples were irradiated to 1.2 MGy gamma dose over 273 h of exposure, from a 438.5 Gy/h 60 Co source, before being removed and capped. The 1.2 MGy dose is approximately equivalent to one year of continuous processing of uranium-based fuels in a commercial processing facility.
UV-vis
An Ocean Optics USB2000+ Miniature Fiber Optic UVVis spectrometer was used to collect spectra. Four spectra were collected of each sample and averaged using Ocean Optics SpectraSuite operating software. Prior to collecting ultraviolet visible spectra, background spectra of cuvets were collected and automatically subtracted from subsequent spectra.
Each IL was diluted volumetrically 200 fold with methanol before analysis. A 1 cm quartz cuvet was used which was cleaned between analyses. The cleaning procedure, after discarding the IL from the cuvet, was to rinse the cuvet with methanol and water, then submerged in a solution of Alconox and cleaned with a test tube brush. The cuvet was finally rinsed with DI water, dried, and put in the UV-vis to ensure no contaminant absorbance.
Conductivity
Conductivity measurements where taken using a Markson Model 1052 conductivity meter. Approximately 10 mL of each IL was transferred into a clean container and measured at ambient temperature.
NMR
NMR spectra were collected on an Avance 300 MHz (7 Tesla) Bruker magnet. Samples for NMR analysis were dissolved in deuterated dimethylsulfoxide.
Electrochemical
Electrochemical measurements were conducted using a Gamry Reference 600 potentiostat with Bioanalytical RDE-2 electrode stand equipped with a glassy carbon (GC) working electrode (3 mm diameter) and a Pt wire auxillary and quasi-reference. Samples (1 mL) of IL (pre-and postirradiated) were purged with N 2 for 1 h prior to measuring the electrochemical windows. The electrochemical windows potentials are reported when the current reached 30 µA. Stock solution of 0.06 M ferrocene (FeCp 2 ) in acetonitrile was used as an internal standard. After each cyclic voltammogram (CV) was collected, 200 µL of the FeCp 2 solution (yielding a 10 mM FeCp 2 in the IL) was added to the IL followed by a five minute purge with N 2 . Following the five minute purge, the FeCp 2 /FeCp 2 + was measured at all measured scan rates. All electrochemical scans were set so FeCp 2 /FeCp 2 + was at + 0.0 V.
Results and discussion
Physical properties
There was significant change in the color of the azoliumbased ILs after gamma irradiation, Fig. 1 . The bathochromic shift in the azolium-based ILs was confirmed in the UV-vis spectra (Fig. 2) . The molar absorptivity of the π-π * transition is known to be large for azolium-based ILs, which contributes to the significant coloration of the ILs [19] . The bathochromic shift exhibited by all irradiated ILs is presumably due to a shift in the energy levels of the excited states. The excited π * state is more affected by dipole-dipole interactions and/or changes in the hydrogenbonding environment than the π state. If the polarity of the irradiated ILs increased, the π * energy levels are decreased and the absorbance shifts to a longer wavelength [20] . Less A large decrease in the conductivity was observed after radiological exposure, as shown in Table 1 . All samples showed a significant decrease in the conductivity after irradiation. Although the water contents were not measured pre-and post-irradiation, it is believed that a higher water content was present in the pre-irradiated ILs. As no special handing of the ILs was taken, the hygroscopic nature of these ILs would allow them to absorb atmospheric H 2 O. The absorbed H 2 O would be expected to affect the physical properties of the IL by decreasing the viscosity through solvation of the ions. Solvation of the ions should increase the conductivity as the solvated ions have increased mobility because of the lower viscosity. The presence of H 2 O in the ILs during exposure to the radiation could introduce different pathways for degradation through the formation of H and/or OH radials. The radiologically degraded H 2 O will decrease the water content, thus increasing the viscosity of the ILs and lowering the conductivity. The radiological degraded products could also increase the viscosity, via recombination of radiological intermediates with bulk ILs, thus could decrease the conductivity of the IL. More rigorous studies are needed to better understand the effect of solvated water in ILs exposed to a ra- 
Electrochemical
Gamma irradiation decreased the electrochemical window of all ILs by at least 1.1 V, Table 2 . The decrease in the windows is not specific to the cation (anode potential) or the anion (cathode potential), as both potentials decreased after irradiation (see Fig. 3 ). The most radiologically stable cations were the aromatic, imidazolium, and cyclic non-aromatic, pyridinium, but our measurements show these cations are not the most electrochemically stable (i.e., the highest anodic potential). The azolium-based ILs yield a more radiological stable cation as the π electrons have the ability to dissipate the energy associated with radiolysis [21] . The relatively greater radiation resistance of the pyrrolidiniumbased IL is not understood, as cyclic non-aromatics do not traditionally exhibit increased radiological stability and merits further investigation. Post irradiation, a trend in the cathode potentials is not clear (i.e., the range of decrease for the [NTf 2 ] − -based ILs was 0.5 to 1.4 V).
Conclusions
For ILs to become a viable replacement solvent in nuclear processing, the affects of gamma irradiation need to be better understood. In the ILs tested here, there was a significant color change after irradiation, but the concentrations of contaminant(s) was below detection limits (< 3 mol. %). The color change was greatest in the aromatic azolium systems, but at this level of irradiation, the color change was independent of anion identity. The presence of water and oxygen during irradiation not only increased the complexity of the systems, via other molecules that could react to yield highly reactive intermediates, but also could affect the physical properties that were investigated here. In all cases, both the cathode and anode potentials decreased after irradiation. The aromatic contributions of the azolium-based ILs provided stability not seen in the other ILs tested here, while the cyclic characteristics of the pyridinium-based IL had some increased stability compared to the onium-based IL. At this time, no conclusions can be made relating to stability of the anions and further work is needed to understand the anion stability. Due to the lack of controlling the water content of the ILs, the effects of water on these systems during irradiation are not known and could be a reason for the large variation of results and further studies investigating the effect of water should be implimented.
